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Abstract
Background: The left pulmonary artery (LPA) contributes more than the right (RPA) to total pulmonary regurgitation
(PR) in patients after tetralogy of Fallot (TOF) repair, but the mechanism of this difference is not well understood. This
study aimed to analyze the interplay between heart and lung size, mediastinal geometry, and differential PR.
Methods: Forty-eight Cardiovascular Magnetic Resonance (CMR) studies in patients after TOF repair were analyzed. In
addition to the routine blood flow and ventricular volume quantification cardiac angle between the thoracic
anterior-posterior line and the interventricular septum, right and left lung areas as well as right and left hemithorax
areas were measured on an axial image. Statistical analysis was performed to compare flow parameters between RPA
and LPA and to assess correlation among right ventricular volume, pulmonary blood flow parameters and lung area.
Results: There was no difference between LPA and RPA diameters. The LPA showed significantly less total forward
flow (2.49 ± 0.87 L/min/m2 vs 2.86 ± 0.89 L/min/m2; p = 0.02), smaller net forward flow (1.40 ± 0.51 vs 1.89 ± 0.
60 mL/min/m2; p = <0.001), and greater regurgitant fraction (RF) (34 ± 10 % vs 43 ± 12 %; p = 0.001) than the RPA.
There was no difference in regurgitant flow volume between RPA and LPA (p = 0.29). Indexed right ventricular
end-diastolic volume (RVEDVi) correlated with LPA RF (R = 0.48, p < 0.001), but not with RPA RF (p = 0.09). Larger RVEDVi
correlated with a more leftward cardiac axis (R = 0.46, p < 0.001) and with smaller left lung area (R = −0.58, p < 0.001).
LPA RF, but not RPA RF, correlated inversely with left lung area (R = −0.34, p = 0.02). The follow-up CMRs in 20 patients
showed a correlation of the rate of RV enlargement with the rates of LPA RF worsening (R = 0.50, p = 0.03), and of
increasing left lung compression (R = −0.55, p = 0.012).
Conclusion: An enlarged and levorotated heart is associated with left lung compression and impaired flow into the
left lung.
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Background
Tetralogy of Fallot (TOF) is the most common cyanotic
congenital heart disease. Early postoperative outcomes
after closure of the ventricular septal defect and recon-
struction of the right ventricular outflow tract are excellent
in the majority of patients [1]. However, chronic pulmon-
ary regurgitation (PR) after TOF repair is a major deter-
minant of long-term outcomes. Right ventricular (RV)
dilation, resulting from PR, is associated with exercise in-
tolerance, ventricular arrhythmia, and mortality [2–4].
Despite a wealth of evidence for the association of PR and
RV dilation, the driving forces behind PR remain incom-
pletely understood [5–8].
Cardiovascular Magnetic Resonance (CMR) is the
gold standard for the quantification of PR and RV volume
[9–12]. Using phase-contrast CMR, we previously demon-
strated that PR is greater in the left pulmonary artery
(LPA) than in the right pulmonary artery (RPA) in
pediatric patients after TOF repair [13]. The size of each
branch pulmonary artery did not explain the difference in
flow reversal. Harris and colleagues [14], confirming our
findings of a greater RF in the LPA, found evidence that
higher pulmonary vascular resistance (PVR) in the left
lung may be responsible for the augmented diastolic flow
reversal. However, the support for this mechanism was in-
direct and the etiology of a unilaterally elevated left-sided
PVR remains unclear.
Based on these previous reports and our clinical obser-
vations, we hypothesized that compression of the left lung,
as a result of cardiomegaly and rotation of the heart into
the left chest, leads to greater LPA flow reversal. The ob-
jective of this study was to assess the relationship between
heart size, mediastinal geometry and differential pulmon-
ary regurgitation.
Methods
We retrospectively analyzed the CMR studies performed
in patients after TOF repair at our institution between
June 2007 and November 2009. Patients with a RV to pul-
monary artery conduit, status post stent implantation in
the main pulmonary artery (MPA) or branch pulmonary
arteries, more than mild discrete branch pulmonary artery
narrowing defined by gradient >20 mmHg estimated via
Doppler echocardiography, less than mild MPA regurgita-
tion, defined as a regurgitant fraction (RF) <10 %, were
excluded. Likewise, those with dextrocardia, congenital
absence of the pulmonary valve, or a previous pulmonary
valve replacement were excluded. The first CMR during
the study period was included. For those patients who had
undergone more than one CMR up until March 2016, the
latest CMR study before pulmonary valve replacement
was included as follow-up to delineate the change in
geometric, volumetric, and flow parameters relative to the
others. Clinical data including age at CMR, age at surgery,
surgical procedure, were retrospectively collected from
the patients’ medical records. This study was approved
by the institutional research ethics board, and consent
was waived.
CMR
All patients underwent clinical CMR examinations at
1.5 T ('Avanto', Siemens Healthcare, Erlangen, Germany).
The protocol consisted of scout imaging of the entire
thorax in the axial plane using standard ECG gated steady
state free precession (SSFP) imaging. A stack of SSFP
short axis cine loops for ventricular volumetry and phase-
contrast flow velocity mapping in the proximal RPA and
LPA were obtained. Parameters of SSFP imaging were as
follows: Flip angle 70°, parallel imaging with an acceler-
ation factor of 2. Temporal resolution was adjusted to
allow for 20 true reconstructed phases per cardiac cycle.
For both SSFP and phase contrast imaging the in-plane
spatial resolution was 1.5 mm× 1.5 mm and slice thick-
ness 5 mm, minimal repetition and echo times. Other
parameters of phase-contrast imaging were as follows: Flip
angle 30°, 25 true phases per cardiac cycle.
Ventricular volumetry and phase contrast flow analysis
were performed in the routine clinical fashion, using
commercially available software (‘QMass Version 7.1’ and
‘QFlow Version 5.1’, Medis Medical Imaging Systems,
Leiden, The Netherlands). Flow quantifications included
forward flow volume; regurgitant flow volume; net flow
volume (forward flow volume – regurgitant flow volume)
and RF (forward flow volume divided by regurgitant flow
volume, %).
Geometric measurements
All geometric measurements were made by a single
reader (CD) on a ‘Centricity Enterprise’ (GE Health-
care, Piscataway, NJ) picture archiving and communi-
cation system (PACS) viewing station using the preset
window settings. On the axial plane scout image
(Fig. 1) with the largest cardiac surface area, the cardiac
surface areas to the left and right of the midline as well as
right and left lung surface areas were measured. ‘Lung
area ratio’ was calculated as the quotient of lung area to
the ipsilateral hemithorax area ratio. The cardiac angle (α
angle) was measured between the thoracic anterior-
posterior midline and the interventricular septum. In
addition, the cross-sectional area (CSA) of the branch pul-
monary arteries at peak systole (i.e. the largest area in the
cardiac cycle) was measured on the magnitude images of
the phase contrast acquisitions. All measurements other
than ratios and angles were indexed to BSA (m2).
Statistical analysis
Continuous variables are expressed as mean ± SD if nor-
mally distributed and otherwise as median and range.
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Categorical variables are given as counts and percentages of
total. CMR parameters between left and right were com-
pared using the Student’s T-test. Correlations were assessed
using Pearson’s correlation analysis. In order to evaluate the
association of a change in one parameter with the change
in another parameter over time, the rate of change rate (Δ)
was calculated as follows: Δ = (data at follow up – data at
baseline) ÷ data at Baseline ÷ (interval between baseline
and follow up). The method described by Bland and Alt-
man was used to assess interobserver variability [15]. P-
values of less than 0.05 were considered significant. Statis-
tical analysis was performed using R software, version 3.2.2.
Results
One hundred seventy eight CMR studies were per-
formed in 141 patients during a 29-month period. The
first diagnostic study per patient was included. Patients
were excluded because of RV-to-pulmonary artery
conduit (n = 23), insufficient data (n = 22), intravascular
stents (n = 22), less than mild PR (n = 10), absent pulmon-
ary valve syndrome (n = 8), status post pulmonary valve re-
placement (n = 3), significant pulmonary artery stenosis (n
= 4), and dextrocardia (n = 1). Forty-eight studies were in-
cluded in the analysis. Patient characteristics and the CMR
results are summarized in Table 1. The median age at
complete repair was 11.5 months (5 days – 5.6 years).
Magnetic resonance imaging was undertaken at a mean
age of 13.5 ± 2.9 years. Twenty-six patients (54 %) showed
more than mild RV dilation (indexed right ventricular vol-
ume, or RVEDVi > 150 mL/m2). Mean RV ejection func-
tion was 48 ± 10 %. There were no patients with accidental
significant pulmonary parenchymal issues, including lung
hypoplasia, atelectasis, emphysema, or pleural effusion.
Right and left pulmonary artery flows
The flow data in the branch pulmonary arteries are sum-
marized in Table 2. Total forward flow volume and net for-
ward flow volume were smaller in the LPA than the RPA
(2.49 ± 0.87 L/min/m2 vs 2.86 ± 0.89 L/min/m2; p = 0.02,
1.40 ± 0.51 vs 1.89 ± 0.60 mL/min/m2; p < 0.001, respect-
ively). Regurgigtant fraction was greater in the LPA than
the RPA (34 ± 10 % vs 43 ± 12 %; p < 0.001). There was no
difference in regurgitant flow volume between the RPA
and the LPA (p = 0.29). Right pulmonary artery CSA corre-
lated with forward flow volume (R = 0.63, p < 0.001) and
with regurgitant flow volume (R = 0.68, p < 0.001). Left
pulmonary artery CSA correlated with regurgitant volume
(R = 0.30, p = 0.04), but not with forward flow (p = 0.45).
Differential pulmonary regurgitation and RV volume
RVEDVi correlated with LPA RF (R = 0.48, p < 0.001),
and a trend towards a correlation with RPA RF was
present (p = 0.09; Fig. 2). RVEDVi correlated weakly with
Table 1 Patient demographics (n = 48)
Characteristics
Male, n (%) 22 (46 %)
Right aortic arch, n (%) 13 (27 %)
History of BT shunt, n (%) 10 (21 %)
Age at complete repair, median years (range) 0.95 (0.0–5.6)
Transannular patch repair, n (%) 35 (73 %)
CMR
Age at CMR, years 13.5 ± 2.9
Body surface area, m2 1.5 ± 0.3
RVEDVi, mL/m2 170 ± 52
RVESVi, mL/m2 92 ± 41
RVEF, % 48 ± 10
LVEDVi, mL/m2 84 ± 15
LVESVi, mL/m2 36 ± 9
LVEF, % 58 ± 9
Heart rate at CMR, bpm 77 ± 15
QRS duration in ECG, millisecond 137 ± 24
BT shunt Blalock-Taussig shunt, CMR cardiac magnetic resonance, ECG electro-
cardiogram, LVEDVi BSA indexed left ventricular end-diastolic volume, LVEF left
ventricular ejection fraction, LVESVi BSA indexed left ventricular end-systolic
volume, RVEDVi BSA indexed right ventricular end-diastolic volume, RVEF right
ventricular ejection fraction, RVESVi BSA indexed right ventricular
end-systolic volume
Table 2 Student’s t-test comparison between the right and left
parameters of cardiac magnetic resonance
Right Left p-value
Proximal PA CSA, mm2/m2 225 ± 101 215 ± 71 0.87
Forward flow, L/min/m2 2.86 ± 0.89 2.49 ± 0.87 0.04
Reverse flow, L/min/m2 0.97 ± 0.43 1.08 ± 0.50 0.25
Net forward flow, L/min/m2 1.89 ± 0.60 1.40 ± 0.51 <0.001
Regurgitant fraction, % 34 ± 10 43 ± 12 <0.001
Lung area at cardiac level, cm2/m2 58.7 ± 7.9 32.0 ± 6.6 <0.001
CSA cross sectional area, PA pulmonary artery
Fig. 1 Axial plane scout image for cardiac and lung
area measurements
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RPA regurgitant volume (R = 0.33, p = 0.02) and there
was a trend towards a correlation with LPA regurgitant
volume (R = 0.27, p = 0.06).
Heart size and mediastinal geometry
RVEDVi correlated with α angle (R = 0.45, p = 0.001), i.e. a
larger RV was associated with an increased rotation of the
heart to the left, and inversely with left lung area ratio
(R = −0.59, p < 0.001; Fig. 3). These correlations were
stronger in the subpopulation with an RVEDVi of more
than 150 mL/m2 (α angle: R = 0.66, p < 0.001; left lung
area ratio: R = −0.71, p < 0.001). RVEDVi correlated with
indexed left ventricular end-diastolic volume (R = 0.66,
p < 0.001).
Differential pulmonary artery flows and lung size
Left lung ratio correlated inversely with LPA RF (R = −0.34,
p = 0.02) and α angle (R = −0.46, p < 0.001) (Fig. 4). Left
lung ratio correlated with LPA net flow volume (R = 0.38,
p = 0.006) There was no correlation between left lung
ratio and LPA forward flow (p = 0.09) or LPA regurgi-
tant volume (p = 0.9). RPA flow parameters were inde-
pendent of left lung ratio.
Follow-up CMR
Out of 48 patients with a baseline CMR, 20 patients
(40 %) had follow up CMRs at a mean interval of 4.4 ±
2.1 years without interim pulmonary valve or branch
pulmonary artery interventions. There was no significant
Fig. 2 Correlation between regurgitant fraction and right ventricular end-diastolic volume. LPA, left pulmonary artery; RPA, right pulmonary artery;
RVEDVi, indexed right ventricular end-diastolic volume
Fig. 3 Correlation between right ventricular end-diastolic volume and left lung area ratio and cardiac axis. RVEDVi, indexed right ventricular
end-diastolic volume
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difference in RVEDVi, LPA RF, RPA RF, α angle and left
lung ratio between baseline and follow-up. The change (Δ)
of α angle correlated with Δ RVEDVi (R = 0.51, p = 0.019)
and Δ left lung ratio (R = −0.80, p < 0.001). Δ RVEDVi cor-
related inversely with Δ left lung ratio (R = −0.55, p =
0.012). Δ LPA RF correlated with Δ RVEDVi (R = 0.50, p =
0.03), whereas it did not correlate with Δ left lung ratio nor
Δ α angle. Δ RVEDVi did not correlate with Δ RPA RF.
Interobserver variability
The interobserver agreements for area measurement of
the lung and the heart as well as α angle were very good
with COV ranging between 0.7 and 1.5 % and no signifi-
cant bias (Fig. 5).
Discussion
Pulmonary regurgitation is one of the most important
hemodynamic long-term consequences after repair of
TOF, causing RV dilation and dysfunction, which can
result in exercise intolerance and fatal arrhythmia. The
factors that drive PR, other than an incompetent
pulmonary valve, are incompletely understood. Phase-
contrast flow velocity mapping opened the door to the
investigation of details of the volume and distribution of
blood flow in the pulmonary arteries [16]. By using this
technique, our previous study [13] provided clues to
the pathophysiology of PR in patients after TOF re-
pair, by showing that the relative amount of blood
that streams back towards the heart is derived to a
greater part from the LPA. Building on hypotheses
generated on the basis of previous reports [14, 17–
19], the key findings of this current study for better
understanding of the mechanisms of PR after TOF re-
pair are:
1) a smaller left lung size is associated with increased
diastolic flow reversal in the LPA
and
2) right ventricular enlargement and rotation of the
heart lead to compression of the left lung
In the present study, a smaller left lung area was
associated with a greater RF in the LPA. Like any flow,
pulmonary regurgitation is determined by a blood pres-
sure gradient, in this case between the pulmonary artery
and the RV during diastole. The majority of young pa-
tients after successful TOF repair can be assumed to have
low RV diastolic pressures. Therefore, in the absence of
pulmonary stenosis (which was an exclusion criterion in
the present study), the primary determinant of diastolic
flow reversal is the peripheral pressure in the lungs or, in
the absence of shunts, the PVR [5]. Indeed, combining
invasive manometry during cardiac catheterization and
flows from CMR, Harris et al. [17] found an association
between the pulmonary vascular resistance and flow re-
versal in the ipsilateral pulmonary artery. They concluded
that the difference in pulmonary blood flow between the
right and the left lung is a function of the differential PVR.
In our cohort LPA size (in the absence of discrete obstruc-
tion) did not have a measurable impact on forward or re-
verse flow, supporting the concept that PVR and lung size,
rather than central pulmonary artery size, are determinants
of LPA blood flow. As the transpulmonary pressure gradi-
ent in these patients is usually small (<10 mmHg), rela-
tively minor changes in PVR can, in principle, produce
significant differences in PR flow [20, 21].
If PVR is indeed elevated in patients after TOF repair,
why should the left lung be more affected than the right
Fig. 4 Correlation between left lung area ratio and left pulmonary artery regurgitant fraction and cardiac axis. LPA RF, regurgitant fraction in the
left pulmonary artery
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lung? Vosar et al. [19], who also documented a higher
RF in the LPA as compared to the RPA after TOF repair,
found a lower distensibility in the LPA as compared to
the RPA. Lower distensibility of the central pulmonary
arteries has been proposed as a marker of pulmonary
arterial hypertension [22]. Other than the inherent char-
acteristics of the LPA, there are no convincing risk
factors for the development of pulmonary vascular
disease in this cohort. Patients with unrepaired TOF
patients typically have decreased pulmonary blood flow,
hence, less risk to develop pulmonary vascular disease
than congenital heart disease types with a left-to-right
shunt. The arborization abnormalities in those with
antegrade flow across their right ventricular outflow
tract are typically mild. A histological study comparing
the right and left lungs of patients with recently repaired
TOF found similar sized arteries in both lungs [23].
Likewise, following ‘complete’ repair there are few fac-
tors that would explain intrinsic pulmonary vascular
changes affecting more left than right. Overall, extrinsic
compression is the most likely candidate mechanism for
elevated left-sided PVR after in survivors after TOF
repair.
Progressive enlargement of the right ventricle is typical
in patients after TOF repair as a result of PR, tricuspid
regurgitation, and RV dysfunction [5, 7, 8, 24]. In the
current study we observed a correlation of RVEDVi with
LPA RF and a trend towards an association with LPA
regurgitant volume. LPA forward flow, as expected, was
not associated with RVEDVi, confirming that volume
loading through regurgitation is the principal driver of
RV dilatation. As the central anteroposterior mediastinal
space is limited between the sternum and the spine, the
enlarging heart ‘bulges’ into the left chest, occupying an
increasing portion of the left hemithorax, as evidenced
by our results that RV enlargement is associated with
a smaller left lung size. By the same mechanism, pro-
gressive right-sided cardiomegaly leads to a more leftward
rotation of the heart, further compromising space for the
left lung. These associations were more pronounced in
Fig. 5 Bland-Altman plots for interobserver agreement of right lung area, left lung area, α angle and cardiac surface area measurements.
COV, coefficient of variation
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patients with severely enlarged RVs (RVEDVi > 150 mL/
m2), implying that there might be a threshold beyond
which RV enlargement more significantly and directly im-
pacts left lung volume. The mechanism of lung compres-
sion from enlarged hearts is well recognized in heart
failure patients, in whom restrictive pulmonary physiology
and reduced alveolar volume have been demonstrated [25,
26]. The results on follow-up support the existence of this
connection between geometry, lung size and RV volume,
by demonstrating an association between the rate of
change in RV size with the change in cardiac levorotation
and the progressive compression of the left lung.
Limitations
Several limitations of this study warrant mention: Firstly, a
larger cohort size than the present one may have unveiled
additional associations. Secondly, cross-sectional lung area
in a single-plane axial image was used as a surrogate for
lung volume because lung segmentation was not feasible
from the available images. Thirdly, pulmonary vascular re-
sistance was not calculated, as invasive pulmonary artery
pressure measurements were not widely available for this
cohort. However, in the absence of branch pulmonary
artery obstruction, LPA and RPA pressures are (nearly)
identical and differences in PVR between the right and left
lung will be solely the result of differences in blood flow
which we captured. Therefore, no additional insight would
have been gained from PVR measurements in this setting.
Conclusions
A positive feedback loop between progressive right
ventricular dilatation and left pulmonary regurgitation?
Based on the findings from the current and other studies
the following scenario is plausible (Fig. 6): Volume loading
from PR causes the RV to enlarge. Together with the LV
that also dilates over time this results in cardiomegaly and
rotation of the heart into the left hemithorax. Competing
for the same finite space in the left chest, the heart com-
presses the left lung. Compression of the left lung elevates
ipsilateral PVR. Elevated PVR attenuates the flow in the
LPA, which in turn, raises the volume/pressure load on
the RV, causing it to dilate further.
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